Interaction between astrocytes and neurons enriches the behavior of brain circuits. By releasing glutamate and ATP, astrocytes can directly excite neurons and modulate synaptic transmission. In the rat olfactory bulb, we demonstrate that the release of GABA by astrocytes causes long-lasting and synchronous inhibition of mitral and granule cells. In addition, astrocytes release glutamate, leading to a selective activation of granule-cell NMDA receptors. Thus, by releasing excitatory and inhibitory neurotransmitters, astrocytes exert a complex modulatory control on the olfactory network.
glutamate ͉ GABA ͉ inhibition ͉ olfactory bulb ͉ synchronization A comprehensive description of brain circuits must include interactions between neurons and glial cells. Studies in different preparations have shown that glial cells communicate with neurons, respond to their activity, and affect neuronal behavior by releasing various neuroactive substances (for review, see refs. 1 and 2). Astrocytes, the predominant type of glial cells in the central nervous system, form a highly organized multicellular syncytium extending throughout the gray matter (3, 4) . Calcium imaging in acute brain slices and in vivo has demonstrated that astrocytes can generate various patterns of activity, either local and spatially restricted to processes of individual cells or coordinated between adjacent cells and propagating across the brain tissue (5) (6) (7) (8) (9) (10) (11) (12) . Modeling indicates that coupling of astrocytic and neuronal activities may give rise to membrane potential instability and oscillations (13) . Recently, excessive astrocytic release of excitatory neurotransmitters was shown to lead to hyperexcitability and seizures (14) .
Glutamate release by astrocytes has been well documented in both cultures and acute brain slices (for review see refs. 1 and 2). In hippocampal slices, astrocytes release glutamate onto pyramidal neurons to evoke phasic and tonic currents mediated by NMDA receptors (15) (16) (17) (18) . In contrast, little is known regarding the role of astrocytes in neuronal inhibition. One study reported a potentiation of synaptic inhibition of the CA1 pyramidal neurons in the rat hippocampus, manifested as an increased frequency of inhibitory postsynaptic currents (19) . This form of neuronal inhibition was proposed to depend on astrocytic calcium signaling and on activation of GABAergic interneurons, presumably by astrocytic glutamate. Another mechanism of neuronal inhibition was reported in the supraoptic nucleus: In response to a decrease of extracellular osmolarity within a physiological range, astrocytes were shown to release taurine and, thus, to activate neuronal glycine receptors (20) .
The mammalian olfactory bulb is a valuable system to explore the diversity of neuroglial interactions because it contains many different types of neurons and astrocytes and because most of its neuronal circuits are characterized in detail and their function is well understood (for a review, see ref. 21) . In this study, by using acute slices of the rat olfactory bulb, we demonstrate direct and selective excitation and inhibition of neurons by astrocytes. By releasing GABA, astrocytes evoke hyperpolarizing inhibitory currents in mitral and granule cells. These currents may occur synchronously in adjacent neurons and can block neuronal firing for several hundred milliseconds. In addition, astrocytes release glutamate that activates NMDA receptors of granule cells. This target cell-specific modulation of neuronal activity adds to the complexity of neuro-glial interactions.
Results
Slow GABAergic Inhibition of Mitral Cells. Prolonged intracellular recording from mitral cells revealed the spontaneous occurrence of rare, long-lasting inhibitory events. These slow hyperpolarizations, which could block the discharge of mitral cells (Fig. 1A) , had a mean rise time of 47.2 Ϯ 4.2 ms (range: 7.6-165 ms; n ϭ 73 events; here and throughout the text, see figure legends for additional statistics). Corresponding slow outward currents (SOCs) were detected in voltage-clamp mode at a holding membrane potential of Ϫ50 mV, with an equilibrium potential for chloride ions (E Cl Ϫ ) of Ϫ78 mV. Their reversal potential shifted with E Cl Ϫ as expected for currents carried by chloride ions ( Fig. 1B ; n ‫؍‬ 7 cells). SOCs were sensitive neither to 10 M strychnine nor to 50 M (1,2,5,6-tetrahydropyridin-4-yl) methylphosphinic acid (TPMPA), antagonists of glycine and GABA C receptors, respectively (n ϭ 4 for each drug). In particular, normalized frequency of SOCs was 98.4 Ϯ 2.3% in control and 71 Ϯ 17% in 50 M TPMPA (P ϭ 0.13 with ANOVA; for a detailed description of all data analysis, see Supporting Text, which is published as supporting information on the PNAS web site), which rules out the involvement of GABA C receptors. In contrast, the currents were completely blocked by a specific competitive antagonist of GABA A receptors gabazine (11 M; n ϭ 6; data not shown), and by a noncompetitive antagonist picrotoxin ( Fig. 1C; n ϭ 7) . Note that at a low concentration (2 M), gabazine similarly blocked synaptic currents and SOCs (89 Ϯ 9% and 92 Ϯ 9% inhibition; P ϭ 0.01 and 0.006, respectively; n ϭ 3). When used at 40 M, bicuculline, another competitive antagonist of GABA A receptors, completely blocked synaptic outward currents but only partially blocked spontaneous slow outward currents ( Fig. 1D ; n ϭ 5 cells). A complete block of spontaneous SOCs required higher concentrations of bicuculline (Ն100 M). These results indicate that SOCs differ from classical GABAergic synaptic currents and correspond to uncharacterized events involving GABA A receptors. In addition, all three antagonists of GABA A receptors also blocked a tonic outward current (shown for picrotoxin in Fig.  1C ), as previously reported in the cerebellum and hippocampus (for review, see ref. 22 ).
SOCs Occur in the Absence of Neuronal Vesicular Release. To further investigate the origin of SOCs, we found it necessary to establish a precise criterion enabling us to distinguish them from synaptic currents. To eliminate the latter, we preincubated the slices for several hours with concanamycin A or bafilomycin A1 (2 M and 4 M, respectively), both blockers of vesicular H ϩ -ATPases. The abolition of the H ϩ gradient is known to prevent the vesicular accumulation of GABA and, thus, GABAergic synaptic transmission (23, 24) . In the absence of spontaneous and evoked synaptic GABAergic currents, SOCs still were present ( Fig. 2A ; n ϭ 17 cells and 10 slices). At a holding potential of -10 mV, SOCs 10-90% rise time spanned a large range (1.3-189 ms) with a mean of 41.2 Ϯ 4.9 ms (n ϭ 66 SOCs) and a distribution (Fig.  2B ) such that 86.4% of SOCs had a rise time Ͼ5 ms. The amplitude of SOCs was similar in slices treated with bafilomycin A1 (100.3 Ϯ 18.3 pA; n ϭ 76) and in same-day control slices (94.9 Ϯ 7.8 pA, n ϭ 49; n ϭ 6 cells for each condition, P ϭ 0.79 with two-tailed Student t test). Because some SOCs had a rise time compatible with synaptic currents, we used a rise time of 5 ms as a threshold to separate SOCs from synaptic currents in all recordings performed in the absence of vesicular H ϩ -ATPase blockers. Using this criterion, we detected SOCs in 49 of 77 mitral cells with a mean frequency of 0.95 Ϯ 0.16 per minute, a mean amplitude of 266 Ϯ 26 pA (range 28-1,700 pA), and a mean decay time of 350 Ϯ 25 ms (range 10-2,144 ms). In contrast to synaptic currents, SOCs therefore are rare events that have variable amplitudes and slow kinetics and that do not involve vesicular release from nerve terminals.
The frequency of SOCs was unchanged when the neuronal network activity was disrupted by 1 M tetrodotoxin (Fig. 2C) . However, SOCs were sensitive to the extracellular Ca 2ϩ concentration: Bath application of calcium-free solution evoked SOCs or transiently enhanced their mean frequency ( Fig. 2C ; n ϭ 6 cells). Because calcium-free solution triggers several mechanisms in astrocytes (16, (25) (26) (27) and these cells have the ability to release GABA in culture (28-30), we investigated whether SOCs result from the astrocytic release of GABA.
Mechanical Stimulation of Astrocytes Evokes SOCs.
Mechanical stimulation is largely used to study glial cells in culture and acute brain slices, and it has been shown to cause astrocytic Ca 2ϩ waves and the release of glutamate and ATP (6, 31) . We therefore tested the effects of three types of mechanical stimulation. Fig. 3A shows that in slices preincubated with blockers of the vesicular H ϩ -ATPase and in the presence of tetrodotoxin (TTX), mechanical stimulation of individual astrocyte somata located in the external plexiform layer and in the vicinity (Ͻ200 M) of the recorded neuron evoked SOCs (n ϭ 8 cells). Note that the delay could reach tens of seconds. Mechanical stimulation of mitral cell somata had no effect (n ϭ 4 cells and 6 stimulations; data not shown). We found that mechanical stimulation of astrocyte end-feet covering small blood vessels (32) was very effective. For these experiments, we chose mitral cells with almost no spontaneous SOCs. Pressure application onto blood vessels reproducibly triggered SOCs ( Fig. 3B ; n ϭ 5 cells). Because these two types of mechanical stimulation may excite passing dendrites and axons, we investigated the effect of a third type of mechanical stimulus: A broken quartz micropipette was introduced into a blood vessel (see Methods), and cyclic pressure waves were applied through the pipette. Such a stimulus should mechanically stretch endothelial and smooth muscle cells and astrocyte end-feet (32) . Mechanical stretch of the blood vessels from the inside reproducibly (two stimulations per vessel) evoked SOCs (Fig. 3C Left) . Because signal propagation along the gliovascular interface critically depends on functional gap junctions (32) , blocking the latter could affect the effect of this particular type of stimulation. Indeed, application of 100 M carbenoxolone suppressed the responses to cyclic pressure waves applied in the vessel lumen ( This result indicates that GABA is not released through carbenoxolone-sensitive channels. Overall, the results obtained with the different types of mechanical stimulation support the hypothesis that GABA is released from astrocytes to evoke mitral cell SOCs. In view of the possible mechanisms underlying GABA release, we tested and excluded several of them. Nevertheless, we observed that the frequency of SOCs was sensitive to extracellular osmolarity, suggesting that volume-regulated anion channels may be involved, although pharmacological tools did not allow us to conclude (Supporting Text; see also Figs. 6 and 7, which are published as supporting information on the PNAS web site).
SOCs Occur Synchronously in Adjacent Mitral Cells. When recording from pairs of mitral cells, we noticed that despite the low frequency of SOCs (see above), in some pairs, a large fraction of these currents occurred in both cells within a narrow time period of tens of milliseconds. This observation raised the question of a possible synchronizing role for SOCs. Because the majority of mechanisms supporting synchronized mitral cell firing are linked to the glomerular organization, we documented the glomerular affiliation of recorded cells in all pairs (Fig. 4 A  and B) . Some paired recordings were done in a calcium-free medium (with 1 M TTX) to increase SOC frequency. Of 74 pairs of mitral cells recorded for 500 s, 18 pairs were selected for the quantification of synchronization by using the following criterion: Occurrence of one SOC in both cells with an interevent interval Ͻ1 s (see Methods for a detailed description of the statistical analysis). To quantify the synchrony, we measured the time intervals between each SOC in one cell and all other SOCs in the second cell. The distribution of SOC intervals (Fig. 4C ) reveals that 26% of SOCs (100 of 379 SOCs) occurred within a narrow time window of 50 ms (Ϯ 25 ms). Because the average rate of SOC occurrence for the 36 cells (18 pairs) was 1.26 per min, the probability that during a 500-s recording two SOCs occur by chance, within a time window of 50 ms, equals 0.001. The probability of observing, by chance, 100 of 379 SOCs within 50 ms, is Ϸ10 Ϫ103 ; this low probability implies that SOCs are synchronized. Because synchronized SOCs of opposite polarities were recorded when the membrane potential of the two cells was maintained at different values (note that E Cl Ϫ differed in the two cells), SOC synchronization cannot be due to electrical coupling between mitral cells (Fig. 4D) . Interestingly, synchronized SOCs were observed in adjacent mitral cells irrespective of whether their apical dendrites contacted the same (n ϭ 2 pairs) or different (n ϭ 6 pairs) glomeruli, or even when one apical dendrite was cut before reaching a glomerulus (n ϭ 2 pairs). In particular, the time-interval distribution obtained for the six pairs of mitral cells that projected their dendrites to different glomeruli showed a clear peak centered at zero (data not shown). Therefore, astrocytes elicit synchronous currents in mitral cells independently of the glomerular organization.
Target Cell-Specific Modulation of Neuronal Activity by Astrocytes.
Stimulation of astrocytes with low-calcium solution or mechanically recently has been shown to evoke in hippocampal pyramidal neurons slow inward currents (SICs), mediated by NMDA receptors (15, 16) . Because mitral cells express functional glutamate receptors on the somatodendritic membrane (15) , it is noteworthy that we observed only slow GABAergic and not glutamatergic currents in mitral cells upon stimulation of astrocytes. To test the hypothesis that astrocytes selectively release GABA or glutamate according to the identity of the target neuron, we recorded from granule cells (n ϭ 47) in the presence of 1 M TTX and observed both SOCs and SICs. Of 47 granule cells, 10 cells showed only SOCs, 27 cells only SICs, and 10 cells both SOCs and SICs. In Fig. 5A , SICs were recorded at a membrane potential at which GABA-mediated currents were outward. SICs were evoked by the same stimulation protocols that evoked SOCs in mitral cells: by applying cyclic stretch to blood vessels ( (Fig. 5C ; n ϭ 9 cells)
If both glutamate and GABA were released simultaneously at a same site opposed by the two types of receptors, one would expect to observe SOCs and SICs at the same time. Even though we did observe synchronous SICs in 2 of 6 granule cell pairs and synchronous SOCs in 4 of 16 mitral cell-granule cell pairs (Fig.  5D ), SOCs in mitral cells and SICs in granule cells never occurred synchronously.
Discussion
In this study, we demonstrate that astrocytes in the rat olfactory bulb release two classical transmitters, GABA and glutamate, to evoke synchronous currents in mitral and granule cells. Although SICs mediated by NMDA receptors and due to glutamate release from glial cells have been observed in thalamic and hippocampal slices (9, 15, 16, 18, 33) , SOCs mediated by GABA A receptors have not been reported heretofore.
We propose that both GABA and glutamate, transmitters mediating SOCs and SICs, respectively, are released by astrocytes and not by neurons. Recent studies have shown that optical (16) and mechanical (15) stimulation of astrocytes evoke SICs. Mechanical stimulation, in particular, is used largely to study glial cells in culture and in acute brain slices. Direct stimulation of individual glial cells and minimal activation of neurons, which is often an issue with less discriminate pharmacological stimuli, are the main advantages of this method. Because any particular type of mechanical stimulation may suffer from its own specific drawbacks, we used three different types of mechanical stimulation. A potential problem with direct stimulation of individual astrocytes is that a patch pipette penetrating the tissue will encounter glial and neuronal processes that cannot be discriminated under infrared video microscopy. Nevertheless, when the pipette is held at a distance of Ϸ1 m from the target for tens of seconds before the application of a gentle pressure, the stimulation is restricted to a small volume of neuropil and the target and may be assumed to stimulate the target preferentially. Our second method of mechanical stimulation, the application of pressure to the vessel outer wall, is designed to activate astrocyte end-feet that cover Ͼ90% of the surface of small blood vessels. This approach very efficiently triggered SOCs in the absence of synaptic transmission (blocked by bafilomycin A1), supporting the involvement of astrocytes in the generation of SOCs. Furthermore, vascular distension from the inside, a potent means of evoking SOCs, is very unlikely to stimulate neurons directly (it also was efficient in the presence of TTX). Indeed, when stretching blood vessels, we observed no activation of mitral cell firing. In addition, direct mechanical stimulation of neurons did not evoke SOCs; likewise, SICs were not evoked by mechanical stimulation of neurons in the hippocampus (15) . Because all three types of mechanical stimulation led to the same result, activation of SOCs, we conclude that GABA is released from astrocytes. Our data raise the question of the source of GABA released by astrocytes. Although several studies have suggested that GABA or GABA-like substances can be secreted from glial cells in culture (28, 30, 34, 35) , it is generally assumed that glial cells do not contain the enzymes necessary for the synthesis of GABA and that, if present, GABA is taken up from the extracellular medium by GABA transporters. Our results suggest that GABA is most likely the transmitter involved, even though other transmitters might substitute (36) . Taurine would be a possible candidate because it is abundant in the olfactory bulb (37, 38) and induces a slow, ''nondesensitizing'' inhibition of mitral cells during a prolonged bath application (39) . The same study reported, however, that taurine does not affect granule cells. In contrast, we observed SOCs in 40% of granule cells. Moreover, the requirement of high concentrations of bicuculline to block the SOCs and the absence of activation of glycine receptors present on mitral cells argue against the involvement of taurine. Finally, the kinetics of SOCs is slower in the presence of nipecotic acid, a blocker of GABA transporters (Supporting Text). We thus propose that the transmitter responsible for SOCs is GABA. Do SOCs and SICs involve two types of astrocytes that would release either GABA or glutamate? Alternatively, can a single astrocyte release both GABA and glutamate, possibly at the same site, with an effect on neurons depending on the type of neuronal receptors that face the release site? In the glomerular layer, astrocytes respect the glomerular organization (40) , surrounding a single glomerulus and extending processes that wrap and isolate bundles of dendrites with dendrodendritic synapses (41) . Such compartmentalization should favor neuronal synchronization because of spillover of a transmitter, whether released by neurons or by glial cells. In the external plexiform layer (40) , an important feature of astrocytes is the regular spacing of their cell bodies and the spatially limited overlap of their processes. The presence of such astrocytic functional domains (42) suggests that it is likely that two different types of astrocytes are responsible for SOCs and SICs. Indeed, SICs were not observed in mitral cells, whereas their dendrites are covered by functional glutamate receptors (43) , and synchronous SOCs, but not synchronous SOCs and SICs, were detected in paired recordings of mitral and granule cells. However, we cannot rule out the possibility that a single astrocyte releases GABA and glutamate separately at different and spatially distant release sites.
SOCs obviously differ from classical GABAergic synaptic currents. They occur at a low frequency, display slow and variable kinetics, and require high concentrations of a competitive antagonist, bicuculline, to be blocked. These properties could result from an astrocytic ensheathment of dendrites that creates a barrier for diffusion and clearance of GABA, from the release kinetics, or from the involvement of particular subtypes of GABA A receptors. Because the synaptic sites and dendritic shafts of mitral cells are wrapped together but synaptic currents and SOCs have different sensitivities to bicuculline, different GABA A receptor subtypes may mediate synaptic currents and SOCs, as it is the case for the tonic GABAergic current (for review, see ref. 22 ). However, gabazine had similar effects on synaptic currents and SOCs, in contrast to its differential action observed on synaptic and tonic currents in the hippocampus (22) .
It has been demonstrated that several intra-and interglomerular mechanisms support synchronization of mitral cell activity, a firing behavior important in the processing of odors (44, 45) . We propose that an additional type of mitral cell synchronization, mediated by astrocytes, operates in the olfactory bulb. It occurs at a very low frequency, its time course is slow, it does not respect the glomerular organization, and its physiological or pathological relevance remains to be established in vivo.
Methods
Slice Preparation and Electrophysiology. Horizontal slices (300-400 m) from olfactory bulbs of 2-to 5-week-old Wistar rats were cut in ice-cold extracellular solution (for composition of all solutions used in the study, see Supporting Text) and incubated either at room temperature or at 34°C. Recordings were done with borosilicate patch pipettes with a resistance of 2-7 M⍀. Data were acquired by using Axopatch 200A and 200B amplifiers and P-CLAMP8 software (Axon Instruments, Union City, CA). Analog signals recorded in voltage clamp and current clamp modes were low-pass filtered with a four-pole Bessel filter at 2 kHz and 5 kHz, and sampled, respectively, at 10 kHz and 20 kHz. Series resistance was not compensated, and leak currents were not subtracted. For recordings with intracellular solutions containing gluconate as the major anion, all potentials were corrected for a Ϫ10 mV junction potential.
Slice preincubation in the presence of the vesicular H ϩ -ATPase inhibitors bafilomycin A1 or concanamycin A was carried out at 34°C for 3-5 h. Control slices were taken from the same animals and incubated at 34°C in the absence of drug.
Mechanical Stimulation of Astrocytes and Blood Vessels. A patch pipette containing the extracellular solution was positioned near astrocytes and blood vessels located in the external plexiform layer within 100-200 M from the recorded neuron. A gentle pressure was transiently (Ͻ1 s) applied onto the astrocyte membrane or onto the blood vessel wall. Cyclic stretch of blood vessels (arterioles and venules) was performed from the inside as follows. A quartz micropipette with a broken and sharp tip was forced through the vessel wall, and after several minutes, a cyclic pressure wave (2 Hz) was applied for 20 s. The vessel was chosen such that its penetration site was located several hundred micrometers from the recorded neuron, and it or one of its effluents was running near the neuron.
Statistics. To determine the statistical significance of the difference between means, the two-tailed Student t test and the ANOVA test were used; P Ͻ 0.05 was considered statistically significant. P Ͻ 0.05 and 0.01 are indicated in the figures by single and double asterisks, respectively. Averaged values are reported as mean Ϯ SEM. For more information on data analysis and statistics, see Supporting Text.
